We present a method for determining the age of early-M type pre-main sequence (PMS) stars based on estimations of the surface gravity. The surface gravity was measured using high-resolution near-infrared K-band spectroscopy. The age of the PMS stars can be determined from the surface gravity, which correlates with the photospheric contraction. To estimate the surface gravity while avoiding veiling contamination, we developed a surface gravity indicator using equivalent width ratios (EWRs) of nearby absorption lines. We derived a relationship between the ratios of the Sc (22057.8Å and 22071.3Å) and Na (22062.4Å and 22089.7Å) absorption lines and the surface gravity by observing giants and main-sequence stars. The surface gravities of early-M type stars were determined with an accuracy of 0.1 in logg. The ages of target PMS stars were estimated within a factor of 1.5 by comparing the surface gravity with the evolution model of Baraffe et al. (1998, A&A, 337, 403). The ages of 4 PMS stars were estimated to be older than indicated by previous age determinations made using the photometric method. The EWR method allows estimating the age of PMS stars without contaminating the uncertainty of the distance, extinction, and veiling.
Introduction
Age determination of pre-main sequence (PMS) stars plays an important role in studying the evolutions of stars, protoplanetary disks, and protoplanets (e.g., Bertout et al. 2007, hereafter BSC07) . PMS star ages are generally derived by comparing their luminosities and effective temperatures (T eff ) with the stellar evolution model (e.g., Cohen & Kuhi 1979; Strom et al. 1989; Kenyon & Hartmann 1995) . The luminosity and the effective temperature of a PMS star are estimated from photometric and low to medium-resolution spectroscopic observations. However, since estimating the luminosity of a PMS star is difficult due to uncertainties in the distance to the star, extinction, and veiling, which is a continuum excess caused by the heated accreting disk (Basri & Batalha 1990) , the photometric age determination could be incorrect.
The ages of PMS stars can be determined from the surface gravity instead of the luminosity, because the photosphere contracts during its evolution. High-resolution spectroscopy is suitable to derive the parameters of the stellar atmosphere, such as the effective temperature, surface gravity, and metal abundance, since an absorption line profile depends on these parameters. The equivalent width (EW) of the absorption line Based in part on data collected at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan. This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France.
is independent of the distance and the extinction. Additionally, the effect of veiling can be eliminated by calculating the equivalent width ratio (EWR) of nearby absorption lines (Takagi et al. 2010, hereafter Paper I) , as the effects of veiling are nearly constant over small wavelength ranges. EWR is also independent of the metal abundance by assuming that the abundance ratios of the elements are equal in all stars.
In Paper I, we developed an age-determination method for late-K type PMS stars using the Fe (8186.7Å, 8204.9Å) and Na (8183.3Å, 8194.8Å) absorption lines ratios (Fe=Na) in the optical I -band. This work focused on PMS stars with an effective temperature of around 4200 K, corresponding to stellar masses of 0.8 Mˇ. We observed 25 giants, 4 main-sequence stars, and 2 weak-line T Tauri stars (WTTSs) to reveal the relationship between Fe=Na and the surface gravity (logg, g: cm s
2 ). We discovered that when logg increases from 1.5 to 4.5, the EWRs of Fe and Na fall to 20%, on average. Logg of PMS stars can be measured with an accuracy of 0.1-0.2 using this relationship. By comparing this result to an evolution model of PMS stars (Baraffe et al. 1998) , the ages of the PMS stars can be determined within a factor of 1.5. The ages of 2 WTTSs in Taurus (V827 Tau, HBC 374) were estimated to be 2.8 Myr using Fe=Na.
In contrast, two photometric studies deduced inconsistent extinctions for these two WTTSs (Kenyon & Hartmann 1995; Furlan et al. 2006) . The estimated A V values of V827 Tau in Kenyon and Hartmann (1995) and Furlan et al. (2006) were 0.28 mag and 2.40 mag, respectively. For HBC 374, A V calculated in each work was 0.76 mag and 2.4 mag, respectively. We calculated the luminosities of these 2 WTTSs, and then estimated their ages by comparing with the evolution model (Baraffe et al. 1998) . Using A V of Kenyon and Hartmann (1995) , the ages of both stars were 2.5 Myr, whereas the ages derived from A V of Furlan et al. (2006) were younger than 1.0 Myr. This discrepancy in A V constitutes a difficulty in photometric age determination. With the EWR age determination method, the ages of PMS stars can be estimated free from uncertainties in distance, extinction, and veiling.
Since EWR is dependent on both the effective temperature and the surface gravity, it is necessary to derive the EWRsurface gravity relationship for various effective temperatures across all PMS stars. To determine the ages of early-M type PMS stars (corresponding to T eff around 3800 K), we used absorption lines in the near-infrared K-band because observing at long wavelength is suitable for these low-temperature young stellar objects (YSOs). The Sc lines (22057.8Å and 22071.3Å) are sensitive to the surface gravity (Greene & Lada 1997) . The increase in the surface gravity leads to growth of the continuum opacity, which decreases the absorber amount, and makes the EWs of the Sc lines weak (Gray 1992) . On the contrary, the EWs of the Na lines (22062.4Å and 22089.7Å) become large with increasing surface gravity. The wings of these lines broaden as the surface gravity increases due to the pressure broadening (Gray 1992) . Therefore, the ratios of these two lines (Sc=Na) are assumed to be a fine diagnostic of the surface gravity.
In this paper, we present a relationship between Sc=Na and the surface gravity, in order to establish an age-determination method of the early-M type PMS stars. The Sc=Na-surface gravity relationship is derived from high-resolution nearinfrared spectroscopic observations of surface gravity known giants and main-sequence stars with an effective temperature of around 3800 K. We discuss the accuracy of the our age determination method and the estimated ages of the 2 classical T Tauri stars (CTTSs) and 2 WTTSs in the Taurus molecular cloud using our method.
Observations and Data Reduction

Target Selection
To quantify the relationship between Sc=Na and the surface gravity, it is necessary to obtain spectra of stars of fixed temperature over a range of surface gravities. We selected 10 giants and 10 dwarfs for which parallaxes were available from the Hipparcos data (Perryman et al. 1997) . The surface gravities of these stars were calculated by
where M is the mass, T eff the effective temperature, and L the luminosity. The effective temperatures of the targets were estimated by comparing the spectral type given in SIMBAD with the temperature-spectral type relationship (Lang 1992) . The SIMBAD V -band magnitudes of the targets were used to calculate target luminosities. The bolometric corrections for the luminosity calculation were taken from Lang (1992) .
The masses of the main-sequence stars were estimated by comparing the spectral type with the mass-spectral type relationship in Drilling and Landolt (2000) . To determine the masses of the giant stars, we used the evolutionary tracks of giant stars (Lejeune & Schaerer 2001) , assuming that all of the targets were in the red-giant branch. The error in the calculated surface gravity was attributed to the error in the parallax measurement. Since the error in the effective temperature was not included in this calculation, this error could be underestimated. 2 CTTSs and 2 WTTSs in the Taurus molecular cloud were also selected as targets. Since WTTSs have an optically thin disk, their luminosities are less contaminated by veiling compared with CTTSs. We calculated the surface gravity of the WTTSs using equation (1). The mass, effective temperature, and luminosity are quoted from BSC07. The CTTSs were selected to determine their ages using the derived Sc=Na-surface gravity relationship. The target properties are listed in table 1.
Observations
UKIRT/CGS4
We observed 8 giants, 6 main-sequence stars, and 4 PMS stars using the echelle mode of the Cooled Grating Spectrometer 4 (CGS4) mounted on the United Kingdom Infrared Telescope (UKIRT), on 2008 December 17. The resolution power was set to 38000 in order to prevent blending with nearby absorption lines. The Sc and Na lines blend when the wing of the Na lines broaden due to a high surface gravity, or the star rotation is rapid. The stellar rotation rate (vsini ) of the 2 WTTSs, V827 Tau and LkCa 14 are 19.3 km s 1 and 21.9 km s 1 , respectively (Głȩbocki & Gnaciński 2005) . Since the Sc line (22057.8Å) and Na line (22062.4Å) were blended in LkCa 14 (figure 1), it may be difficult to deblend these two lines in rapid rotationg stars (vsini 20 km s 1 ). The grating angle was set to 64. ı 7 to obtain the Sc and Na absorption lines in the 25th order of an echelle (22000-22125Å). The integration time ranged from 8 s to 16 min, to achieve an S=N of 100. The maximum exposure time was set to 60 s, to reduce the risk of cosmic rays, and to subtract the sky background accurately. The 2 2 exposure pattern was selected to avoid contamination by bad pixels. We adopted the ABBA nodding sequence during integration, in order to subtract the sky emission and the dark accurately. The telescope was nodded 9 00 between the A position and B position. Several ABBA sequences were conducted for faint objects. Flat frames were obtained at the beginning and the end of the observation. The Th-Ar lamp frames were taken at the same frequency, for wavelength calibration. We also observed A0 type stars as standard stars for the telluric absorption lines correction. For each target, a standard star at similar airmass was selected. The average separation between the targets and the standard stars was 6. ı 8.
Subaru/IRCS
The spectra of a giant (HIP 20376) and a main-sequence star (GJ 15 A) were observed using the Subaru Telescope with Infrared Camera and Spectrograph (IRCS) on 2002 September 16-18. The resolution power was 20000. The K filter and the K echelle setting were used to obtain the spectra. The Sc and Na lines were placed in the 25th order (22030-22550Å). HIP 20376 and GJ 15 A were integrated for 5 and 300 s, respectively, to achieve an S=N of 100. We observed the targets with the ABBA sequence, for accurate subtractions of the sky and dark. Flat frames were also obtained for flat fielding. Again, the A0 type standard stars were obtained for each target, for the telluric line correction. Since we used the OH emission lines for wavelength calibration, comparison frames were not necessary.
Archival data
We obtained the spectra of 1 giant and 3 main-sequence stars from archival data. The spectra of the giant star and 2 mainsequence stars were obtained from Wallace and Hinkle (1996) , and one spectrum of a main-sequence star was taken from the Gemini Science Archive. The spectra from Wallace and Hinkle (1996) were acquired using the 4 m Mayall Telescope with Fourier-transform spectrometers, at Kitt Peak observatory. The resolution power was 45000-90000, and the S=N was 90-230. The data from the Gemini Science Archive were taken on 2006 January 13 with Phoenix, a high-resolution echelle spectrometer equipped on the Gemini South Telescope (P.I. D. Charbonneau). The observed wavelength range was 2.16-2.21 m. The integration time was 60 s, and the resolution power was 40000. We also used the calibration frames and the A0 type standard star data.
Data Reduction
Data reduction was performed with the Image Reduction and Analysis Facility (IRAF) software package.
1 The same procedures were applied to all of the observational data. First, the dark and the sky emission (OH lines) were removed by subtracting the B position frame from the A position frame. The A frame was subtracted from the B frame for the same purpose. The normalized flat frame was used for flat fielding. Data including multi-order in a single frame has been split into multiple images, where each image contains a single order. The sky was subtracted by averaging the non-stellar dispersed region. The wavelength calibration was accomplished using the Th-Ar lamp frame for the UKIRT data and OH emissions for the other data. After these procedures, the spectrum was extracted from each frame. All of the A and B frames were Wallace and Hinkle (1996) .
combined into a single spectrum. The data of the targets which were integrated several times were also combined into a single spectrum to increase the S=N . After removing the telluric absorption lines by dividing the spectrum by the standard star spectrum, the target spectrum was normalized at the continuum level. Spectra samples are displayed in figure 1. The SPLOT task was used to measure the EW of the Sc and Na lines. Since the Sc and Na lines in the large logg stars are blended due to the strong wing of the Na line, we used the deblending task in the SPLOT package. The Voigt function was used for the fitting. The Sc lines in PMS stars and mainsequence stars were fit with Gaussians. Some of the EWs of Sc lines were impossible to measure because of a low S=N , line broadening due to rapid rotation, or both, especially in the WTTS spectra. The error in EW was estimated from the uncertainty of the continuum level. The measured EWs of each object are listed in table 2.
Results and Discussion
Sc=Na-Surface Gravity Relationship
The relationship between the surface gravity (g) and Sc=Na in early-M type stars (T eff around 3800 K) was derived from the spectra of 10 giants and 10 main-sequence stars, of which spectral types were around M0. The EWRs were calculated using four lines: Sc (22057.8Å)=Na (22062.4Å), Sc (22057.8Å)=Na (22089.7Å), Sc (22071.3Å)=Na (22062.4Å), and Sc (22071.3Å)=Na (22089.7Å). Results are shown in figure 2. The squares and the triangles indicate the EWRs of the giants and main-sequence stars, respectively. The solid line in each EWR graph is the best-fit curve. In every line pair, the EWRs decrease significantly with increasing surface gravity. The EWRs drop to 15% when logg increases from 1.5 to 4.5. Therefore, these EWRs are considered to be excellent diagnostics for deriving the surface gravity for early-M type The lines unmeasured due to the low S=N and/or rapid rotation are expressed as "-". Estimated from the comparison of logg and Baraffe et al. (1998) .
Fig. 2. EWR versus logg (g: cms 2
). The squares, triangles, and diamonds mark the EWRs for the giants, main-sequence stars, and WTTSs, respectively. The solid curves are the fit curves created with the plots of giants and main-sequence stars.
stars, and the surface gravity of the stars can be estimated using this relationship. Next, we calculated the EWRs of 2 WTTSs and compared them with the derived Sc=Na-surface gravity relationship (figure 2). Although the EWR of V827 Tau is slightly larger than the fit curve, due to the difficult de-blending of the Si line (22068.7Å), the EWRs of the WTTSs agree with the Sc=Na-surface gravity relationship. Hence, EWRs of Sc and Na lines are suitable for the surface gravity estimations of PMS stars. As mentioned in Paper I, the EWR-surface gravity relation has an effective temperature dependency. To estimate the ages of PMS stars with effective temperatures other than 3800 K, it is necessary to derive the Sc=Na-surface gravity relation in a particular effective temperature.
Ages of the PMS Stars
We estimated the ages of the 2 CTTSs and 2 WTTSs using the Sc line (22057.8Å) and the Na lines (22062.4Å and 22089.7Å). The Sc line at 22071.3Å was not used for the age determination due to blending with the Si line (22068.7Å) (see subsection 3.1). First, the surface gravities of the PMS stars were derived by comparing the observed Sc=Na with the Sc=Na-surface gravity relationship. The surface gravities of the WTTSs were also re-estimated by the following procedure. The errors in the surface gravity were calculated from the error in the EWRs. Next, the ages of the PMS stars were estimated by comparing the derived surface gravity with the evolution model of the PMS stars (Baraffe et al. 1998) on the H-R diagram (figure 3). The derived surface gravities and ages of the PMS stars are listed in table 3. We also calculated the ages of the PMS stars using the evolution model of Siess, Dufour, and Forestini (2000) , to estimate the model dependency of the age determination. Although the ages were estimated to be 0.1-0.2 Myr older than that estimated with Baraffe et al. (1998) , both determined ages were comparable in each star.
EWR age vs. photometric age
The estimated ages of the PMS stars were compared with the ages derived from photospheric observations. BSC07 deduced the luminosities from the I -band fluxes and distances. The veiling is considered to be smallest in the I -band (Cieza et al. Baraffe et al. (1998). 2005). The distances were estimated from a kinematic study (Bertout & Genova 2006) . In figure 3 , the loci of the PMS stars from BSC07 were also marked.
Although the PMS star ages estimated in our work agree with the ages deduced in BSC07, except LkCa 14, all of the ages we derived using the EWR method were older than the ages determined with the photometric method (figure 3). The luminosities of these stars were estimated to be smaller than the photometric results. This is consistent with the result of Doppmann, Jaffe, and White (2003) . They estimated the ages of 2 pre-main sequence stars in the Ophiuchi molecular cloud using a flux ratio of 12 CO (2.3 m) and the same Na lines as used in our work. We consider that this luminosity discrepancy arises from inaccurate determinations of the distance, extinction, veiling, or a combination of these effects.
We hypothesized that the difference in CTTS ages arose from veiling. For DN Tau, the luminosity (logL=Lˇ) of BSC07 is 0.10 dex larger, corresponding to a veiling of r = 0.23 in the I -band, where r denotes the proportion of veiling to the stellar continuum. The veiling of DN Tau was measured by Basri and Batalha (1990) . They fit the observed high-resolution spectrum of DN Tau to the spectral standard star. Their study reported that the I -band veiling was around 0.2, which is consistent with our result. Also, the veiling of IQ Tau was calculated to be 0.18 in the I -band. In a study of Basri and Batalha (1990) , the I -band veiling of 15 PMS stars was measured to be r = 0.2 to 3. Even though the effects of veiling on DN Tau and IQ Tau were small compared to the veiling of other PMS stars, the ages derived from the photometric method conflicted with the results of our veiling-free method. Hence, the possibility exists that most of the photometrically-derived CTTS ages are younger than the true age.
The ages of the WTTSs were also estimated older by the EWR method, despite the small veiling compared to the CTTSs. LogL=Lˇof V827 Tau in our result is 0.17 dex smaller than BSC07. This disagreement can be explained by assuming a veiling of 0.47. It can also be explained by estimating the distance to be 136 pc, closer than 160 pc estimate published in the recent kinematic study (Bertout & Genova 2006) . Diminishing the extinction is another possible explanation of the age discrepancy. A V measured in BSC07 is 0.28 mag. By assuming A V = 0 mag, the luminosity of V827 Tau is reduced to logL=Lˇ= 0.17, which is slightly brighter (0.06 dex) than the luminosity estimated from the EWR method.
For LkCa 14, the age estimated from the EWR method was 5.13 Myr, which is 3.7 Myr younger than that in BSC07. This is the largest difference among the 4 PMS stars. Since A V of this object was estimated to be 0 mag in BSC07, extinction might not be the cause. To explain this contrariety, the veiling of this object in the I -band should be r = 1.48, or the distance to this object has to be 91 pc. Both of these values are considered to be unsuitable for a WTTS in Taurus. The Sc line is heavily blended with the Na line (22062.4Å) in the spectrum of LkCa 14 (figure 1), and therefore Sc=Na could be underestimated. Higher resolution observations are necessary to avoid blending.
Age determination accuracy
The precision of this age determination method depends on the accuracy of the surface gravity estimation, i.e., the EWR error. The error in the surface gravity estimation in DN Tau is around 0.1, which corresponds to an age determination accuracy of DN Tau of a factor of 1.4-1.6. The S=N of the DN Tau spectrum was around 120. Therefore, by observing a PMS star spectrum with S=N = 120, the age of the PMS star can be estimated within a factor of 1.5 with the EWR method.
The age of V827 Tau was also estimated using the optical Fe=Na method described in Paper I. The effective temperature of V827 Tau is 4060 K (BSC07). Given that the Sc=Na-surface gravity relationship is optimized to an effective temperature of 3800 K, and Fe=Na in Paper I was for the stars with the effective temperature of 4200 K, the derived age in both methods may include an error based on the effective temperature dependency of EWR. However, both the Fe=Na and Sc=Na methods conclude that the age of V827 Tau is around 2.8 Myr, which indicates the accuracy of the age determination of the EWR methods. The temperature dependency of EWR could be eliminated by using the temperature-sensitive EWR using the absorption lines in near-infrared wavelength (e.g., Gray 1994; Kovtyukh et al. 2003) .
Conclusion
We carried out high-resolution near-infrared spectroscopy to establish the age determination method for early-M type pre-main sequence (PMS) stars. Our method is based on the surface gravity estimation using the equivalent width ratio (EWR) of nearby absorption lines, enabling us to estimate the age free from the distance, extinction, and veiling contaminations. The Sc (22057.8Å and 22071.3Å) and Na lines (22062.4Å and 22089.7Å) were used to establish the surface gravity indicator. The EWRs of the Sc and Na lines decrease with increasing surface gravity. We concluded that these EWRs are suitable diagnostics of the surface gravity. By obtaining spectra of PMS stars with S=N 120, the ages of those stars can be estimated within a factor of 1.5 on average, by comparing the estimated surface gravity with the evolution model (Baraffe et al. 1998) .
Accurate age determination that avoids contaminations by uncertainties in distance, extinction, and veiling is essential for us to study the evolutionary process of PMS stars, protoplanetary disks, and planets. All of the estimated PMS stars ages in our work were older than the ages determined by a recent photometric study (BSC07). We conclude that this discrepancy arises from the uncertainties in distance, extinction, and veiling present in the photometric study.
